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Introduction
flies . Induction of these peptides, however, is strongly reduced in mutants of the immune Insects defend themselves against infectious microordeficiency (imd) gene ( . In of the insect host defense has been particularly well addition, induction of antibacterial peptides has recently studied at the molecular level, using the fruit fly Drosophbeen shown to be severely reduced in mutant flies carila melanogaster as a model, and has revealed several rying a deletion in the gene Relish, indicating that the striking similarities with innate immunity in mammals Rel transcription factor it encodes may be the nuclear (reviewed in Hoffmann et al., 1999) . target of the Imd pathway (Hedengren et al., 1999). InBiochemical analysis of the hemolymph of many inducible systemic expression of attacin, cecropin, defensect species has allowed the purification of several antisin, and metchnikowin appears to require an input from microbial peptides, which, upon immune challenge, are both the Toll and the Imd pathways (reviewed in Imler synthesized by the fat body (a functional equivalent of and . Importantly, the molecular characthe mammalian liver for many metabolic processes) and terization of the regulatory pathways involved in the secreted into the hemolymph (Bulet et al., 1999, and control of antimicrobial peptide production has estabreferences therein). In Drosophila, seven distinct antimilished Drosophila as a powerful model to study innate crobial peptides (plus isoforms) with distinct target immunity. In particular, the discovery of the critical role specificities have been described. Although these moleplayed by the Toll receptor in Drosophila immunity was instrumental in promoting the search for related molecules in mammals. Two of these Toll-like receptors, ‡ To whom correspondence should be addressed (e-mail: jl.imler@ TLR2 and TLR4, have recently been shown to play critiibmc.u-strasbg.fr). § These authors contributed equally to this work.
cal roles in nonself recognition. Analysis of knockout or mutant mice implicate TLR2 and TLR4 in peptidoglycan scope, 6-48 hr later. As shown in Figure 1 , all transgenic and lipopolysaccharide (LPS) signal transduction, reflies and larvae exhibited a diffuse fluorescence, which, spectively (reviewed in Means et al., 2000) . In addition, upon dissection, corresponds to an induced expression several ex vivo studies using transfected cell lines point in the fat body ( Figure 1F and (Ferrandon et al., 1998) . In contrast, the defensinin granules in myeloid cells but is also secreted onto the GFP and metchnikowin-GFP reporters were detected in airway surface from epithelial cells of the lung (Bals et the oral region of the larvae, occasionally extending to al., 1998b). Finally, histatins are secreted into the saliva the pharynx (Figures 2C-2F) , and the diptericin-GFP, (Edgerton et al., 1998). This situation contrasts with the defensin-GFP, and attacin-GFP reporters were detected systemic release of antimicrobial peptides into the hemin the digestive tract ( Figure 2G and data not shown). olymph of Drosophila. Interestingly, epithelial expresFluorescence was also occasionally detected in the exsion of the antifungal peptide drosomycin has recently cretory system, namely, in the Malpighian tubules, of been described in the respiratory and reproductive some larvae ( Figure 2F ). Importantly, HPLC and MALDItracts of Drosophila (Ferrandon et al., 1998). We have TOF mass spectrometry analysis allowed us to detect analyzed the expression domains of the six other Droendogenous drosocin and drosomycin peptides in dissophila antimicrobial peptides, and we report that all sected fluorescent fragments from larval tracheal trunks barrier epithelia in this insect express at least one antimibut not in nonfluorescent fragments, and the defensin crobial peptide in an inducible tissue-specific manner. peptide could be detected by MALDI-TOF analysis on We also show that this first-line epithelial immune reacdissected fluorescent preparations of the oral region of tion, which is probably present in most multicellular ordefensin-GFP larvae (S. Uttenweiler and P. Bulet, perganisms, is dependent on the Imd pathway in Drosonal communication; Ferrandon et al., 1998) . Thus, the sophila.
GFP reporter system appears relevant to study epithelial expression of antimicrobial peptides. In adults (Table 1) fluorescence in the oviduct and calyx of drosocin-GFP Importantly, only a fraction of the flies or larvae exhibited fluorescence in surface epithelia, and the proportion female flies, confirming a previous report describing expression of a drosocin-lacZ transgene in these tissues of the GFP-expressing animals was variable from one culture vial to the next. In addition, fluorescence was (Charlet et al., 1996). We also observed fluorescence in the ejaculatory duct of cecropin-GFP transgenic males rarely distributed thoughout the whole tissue and was limited to restricted areas of the epithelium, suggesting and, to a lesser extent, in attacin-GFP and drosomycin-GFP flies ( Figure 3G ). a local response to natural infection. The fact that we Table 1 were never induced by septic injuries that trigger the systemic genes in various tissues (Table 1) . These bacteria have been found to infect both the digestive and the respiraresponse. tory tract of Drosophila (Basset et al., 2000) . ␤-galactosidase was occasionaly used as a reporter in these experiments, as it is more sensitive than GFP. As shown in Figure 4A , natural infection of the digestive tract with Ecc15 triggered induction of the diptericin promoter in the proventriculus and part of the midgut but did not affect the drosomycin promoter in this tissue. Induction of the attacin-GFP transgene in the larval digestive tract by Ecc15 could also be observed. When similar experiments were performed in adults, Ecc15 infection of the digestive tract was found to induce diptericin-GFP in the cardia and midgut ( Figure 3D) but also, to a lower extent, attacin-GFP, drosocin-GFP, metchnikowin-GFP, and defensin-GFP. When transgenic larvae were exposed to Ecc15 bacteria for a long period of time, we observed a strong induction of the drosomycin-GFP reporter in tracheae (Figures 5A and 5B; Ferrandon et al.,  1998) . Ecc15 also triggered activation of the drosocin and, to a lesser extent, defensin promoters in the respiratory tract. In adults, Ecc15 infection was found to activate the drosomycin and drosocin promoters in the tracheae. Exposure of drosomycin-GFP flies to Ecc15, however, did not result in increased fluorescence in the salivary glands. Finally, natural infection by Ecc15 was found to selectively activate the diptericin, metchnikowin ( Figure 3C ), and cecropin promoters in Malpighian tubules in adults. We conclude that local infection triggers induction of a subset of antimicrobial peptide genes in surface epithelia in a tissue-specific manner.
Regulation of Antimicrobial Genes in Surface Epithelia
Our data thus far indicate that all antimicrobial peptide genes can be activated in surface epithelia, in addition to the fat body, during the systemic response. This raises the question of the regulation of this local response. The diptericin promoter has been subjected in the oral region in imd larvae and in the labelar glands Table 1 . Local Expression of the GFP Reporters in Transgenic Larvae and Adult Flies in imd adults was also severely reduced, and GFP exrespiratory tract ( Figure 5D ) and expression of the diptericin reporter in the gut (data not shown) of dom mutant pression triggered by Ecc15 in the tracheae of drosomycin-GFP transgenic larvae was not observed in imd larvae. This suggests that blood cells are not required for antimicrobial peptide production during local remutants ( Figure 5 ; Table 1 ). However, the constitutive expression of drosomycin-GFP in the female spermasponses. Surprisingly, we observed a higher frequency of expression of the drosomycin-GFP reporter in the thecae and seminal receptacle was not affected in imd mutants. Furthermore, adult drosomycin-GFP flies with absence of immune challenge in domino mutants than in wild-type larvae in the fat body (47% of dom 1 /dom 1 strong fluorescence in the salivary glands were observed at a similar frequency in imd mutant and in wildlarvae versus 0% in the control heterozygous cohort), in salivary glands (79% versus 38%), and in the respiratory type flies, indicating that activation of the drosomycin promoter in this organ is not dependent on imd. Altotract, mainly at the level of the spiracles (74% versus 13%; compare Figures 5A and 5D ). This latter observagether, these results indicate that imd plays a critical role in the control of antimicrobial promoter inducibility tion may result from a compensatory mechanism when the cellular arm of the immune response is defective in surface epithelia. Furthermore, we did not observe constitutive epithelial activity of any of the promoters in or, alternatively, from an indirect effect of the domino mutation on the cuticle or the epithelial barrier, which larvae or flies carrying the gain-of-function Toll 10b allele (data not shown), suggesting that the Toll pathway is facilitates exposure to microorganisms. not involved in epithelial immunity. This confirms previous data indicating that local expression of drosomycinDiscussion GFP is not eliminated in Toll loss-of-function mutants (Ferrandon et al., 1998) .
Antimicrobial Peptides and Epithelial Host Defense
We show here that, in Drosophila, antimicrobial peptide Finally, we studied the local response in domino (dom) mutants, which have a general defect in cell proliferation genes are expressed in several epithelia, which are potentially in contact with the environment. These include and a significantly reduced number of hemocytes (Braun et al., 1998). It has recently been shown that induction the respiratory tract, the oral region and the digestive tract, the Malpighian tubules, and the male and female of the systemic response upon natural infection with E. carotovora is reduced in dom mutants, suggesting that reproductive tracts ( Figure 6A ). These tissues are sites of major physiological functions, such as gas exchange, blood cells play a role in regulating the Drosophila antimicrobial response (Basset et al., 2000) . In contrast, we nutrient absorption, water conservation, and reproduction, which necessitate host-environment interaction, observed expression of the drosomycin reporter in the and where cells are likely to encounter microorganisms. Interestingly, in most tissues that we examined, we could detect expression of at least two antimicrobial peptides with complementing spectra of activity; for example, in the oral region of larvae and adults, the antibacterial peptide defensin is coexpressed with the antifungal peptide metchnikowin, while, in the respiratory tract, the antibacterial peptide drosocin is coexpressed with the antifungal peptide drosomycin. The regulation of antimicrobial peptide concentration in these tissues may involve additional steps, such as mRNA stability, posttranslational modifications, and release of peptides from storage compartments. The simple structure of the epithelial tubes forming the Malpighian tubules and the tracheae, as well as the fact that antimicrobial peptide gene expression can be induced in the whole structure (see Figures 3C and 5B) , indicates that all cells within these tissues are reactive. In contrast, immune inducibility in the digestive tract appears limited to the anterior part of the gut (the proventriculus in larvae and the cardia in adults) and restricted areas of the midgut ( Figures  2G, 3D , and 4A), although bacteria are present throughout the midgut after per os infection (Basset et al., 2000) . This points to the existence of local epithelial specialization within the gut epithelium in Drosophila, a finding supported by a previous study using enhancer trap lines (Murakami et al., 1994) .
Expression of antimicrobial peptides has occasionally been reported in some epithelia of other insect species. In the Bombyx mori silkworm larva, cecropin mRNA is induced in the epithelial cells underlying the cuticle when it is lightly abraded in the presence of live bacteria (Brey et al., 1993). Although we did not observe expression of our reporter constructs in the integument of Drosophila, injury-induced integumental expression of ␤-galactosidase has been reported in transgenic larvae expressing lacZ under the control of a multimer of the Rel binding site from the diptericin promoter (Meister et al., 1994) . Hence, it is likely that some antimicrobial peptides are expressed in the integument but to a level that does not allow detection with the GFP reporters. Production of two defensins, Smd1 and Smd2, has been documented In conclusion, we have described the expression pattern of antimicrobial peptides in Drosophila epithelia. as such only in specific tissues, thus explaining why TLR2 knockout mice have an apparent normal response Epithelial expression of antimicrobial peptides appears to be a general feature of host defense in multicellular to LPS in macrophages and B cells (Takeuchi et al., 1999) . Indeed, the recent demonstration that the upreguorganisms. In contrast, systemic expression of antimicrobial peptides by fat body cells and secretion into the lation of the ␤-defensin hBD2 by LPS in the tracheobronchial epithelium in humans requires CD14 and that this hemolymph appears to be restricted to the classes of insects undergoing metamorphosis. Thus, we propose tissue expresses the mRNAs coding for TLR1-6, suggests that Toll-like receptors may be involved in the that inducible expression of antimicrobial peptides in surface epithelia represents the ancestral system of host innate immune response of the respiratory epithelium (Becker et al., 2000) . defense. Our data suggest that the machinery for immune recognition and subsequent signal transduction Our data also point to the existence of tissue-specific transcription factors, which associate with Relish to trigfirst appeared in epithelial cells isolating the multicellular organism from the environment and was later, during ger induction of a subset of antimicrobial peptides in a given epithelium. This would explain why peptides like the course of evolution, recruited to more specialized cell types, such as the fat body in higher insects or diptericin and drosocin, which are both regulated by the sole Imd/Relish pathway in the fat body during the the white blood cells in mammals. Surprisingly, the Toll pathway, which has been proposed to be an evolutionsystemic response (Lemaitre et al., 1996; Hedengren et al., 1999), are induced in different epithelial locations ary ancient immune pathway, does not appear to be
